Capsaicin is a pungent element in a variety of red peppers that are widely used as food additives and considered to be an antimicrobial factor. For our tests, we used yeast DNA micro-array methods to understand the mechanisms of inhibitory eŠects of capsaicin. The capsaicin treatment signiˆcantly induced 39 genes from approximately 6,000 genes. These induced genes were classiˆed as multi-drug resistance transporter genes, membrane biosynthesis genes, genes encoding stress proteins, and uncharacterized genes. The growth abilities of the strains with the deletion of the induced genes suggest that capsaicin is pumped out of the yeast cells by the PDR5 transporter.
ity Capsaicin (8-methyl-N-vanillyl-6-nonenamide), is a pungent ingredient in a variety of red peppers of the genus Capsicum.
1) The chilies or the red peppers that contain capsaicin are widely used as food additives throughout the world, especially in South East Asia and Latin America. 1) Capsaicin is also used in folk medicines in many parts of the world and has been well known to interact at primary sensory neurons exerting the characteristic actions of excitation, desensitization, and neurotoxicity. 2) Because of these traditional uses of the agricultural products that contain capsaicin, several attempts have been made to test whether capsaicin has a potential value as an agent in the treatment of other medical problems or in the food storage.
3) Many of these eŠorts were focused on possible antimicrobial eŠects. 3, 4) . Robert and Patrick 3) estimated the antimicrobial properties using several microorganisms including yeast. They conˆrmed the inhibitory eŠect on all microbial growth to various degrees. The speciˆcity of capsaicin to the species of microorganisms were also studied and the growth of Bacillus subtilis was shown to be strongly inhibited but that of Saccharomyces cerevisiae was shown to be initially increased. 5) However, there are few reports that studied the mechanisms of antimicrobial activity of capsaicin.
On the other hand, DNA micro-array technology allows genome-wide analyses of cellular responses at the transcriptional level. 6, 7) On the yeast micro-array, approximately 6,000 open reading frames (ORFs) are printed andˆxed on one sheet of a slide. 8) Fixed DNA can be used as a probe to estimate the expression level of mRNA. Thus, almost all gene features can be monitored in one micro-array. This technology has great potential for studying the mechanisms of antimicrobial activities.
In this study, we used yeast DNA micro-array technology to study the mechanisms of antimicrobial activity by capsaicin. The capsaicin-treated yeast cells induced a PDR network, possibly for detoxiˆcation, and the key genes for membrane biosynthesis; however, we could not detect a signiˆcant induction level of genes concerned with the system of DNA repair.
Materials and Methods
Chemical, strain, and growing conditions. Capsaicin was purchased from Wako Chemicals (Japan) and dissolved in dimethylsulfoxide (200 mg W ml).
The yeast Saccharomyces cerevisiae, strain S288C (mat alpha SUC2 mal mel gal2 CUP1) was used as the indicator strain for DNA micro-array analysis. Yeast cells were aerobically grown in a 200 ml of YPD medium at 259 C. The capsaicin treatment was done among exponentially growing yeast cells. The yeast cells were incubated for 2 h with 250 ppm of capsaicin, and the control cells were incubated for 2 h with the same volume of solvent, dimethylsulfoxide. Toˆnd the best conditions for the capsaicin treatment, we cultured yeast cells with 0.15 ml of YPD medium in 96-well microplates, and the growth was monitored as the absorbance at 650 nm.
Yeast deletion strains were purchased from Research Genetics (USA) (http: W W www.resgen.com W products W YEASTD.php3). These strains were constructed by insertion of KanB and KanC genes into the target genes of the strains of BY474 (mat a his3D1 leu2D0 met15D0 ura3D0) and BY4742 (mat alpha his3D1 leu2D0 lys2D0 ura3D0) and the mating between these strains. S. cerevisiae BY4743 (mat a W alpha his3D1 leu2D0 ura3D0, mated between BY4741 and BY4742) were used as the control strain. For the estimation of the resistance of deletion strains to capsaicin, we inoculated yeast cells, which had been grown for two days, at 200 times dilution into 0.15 ml of YPD medium containing 1600 ppm capsaicin in a 96-well microplate. Growth was at 259 C and monitored as the absorbance at 650 nm at least three times.
DNA micro-array analysis. DNA micro-array analysis was done by the previous methods. 9) Total RNA was isolated using the hot-phenol method. 10) Poly (A)+RNA was puriˆed from total RNA with an Oligotex-dT30 mRNA puriˆcation kit (Takara, Kyoto, Japan). Fluorescent-labeled cDNA was synthesized by oligo dT-primed polymerization using PowerScriptTM reverse transcriptase (Clontech, California, USA). cDNA made from poly(A)+RNA of control was ‰uorescently labeled with Cy3, and that of the capsaicin-treated sample was labeled with Cy5. Two to 4 micrograms of poly (A)+ RNA were used for each labeling, and the same amount of each poly(A)+RNA was used in one slide. The two labeled cDNA pools were mixed and hybridized for 24-36 h at 659 C. After hybridization, the labeled micro-arrays were washed and dried. Subsequently, labeled micro-arrays were scanned using a confocal laser ScanArray 4000 (GSI Lumonics, MA, USA) system. The resulting image data were measured using a QuantArray (GSI Lumonics, MA, USA). The ‰uorescence intensity of each spot on the images was subtracted from each background, and the ratios of intensity Cy5 W Cy3 were calculated and normalized using ACT1 as a positive control, using GeneSpring (Silicon Genetics, CA, USA). The micro-array analysis was done three times from independent cultures.
Results and Discussion

Conditions for the capsaicin treatment
To analyze the induced genes by the capsaicin treatment, we tried toˆnd conditions for the treatment. Generally, we may accept that levels of some genes can be changed according to the conditions of cellular growth. Thus, the concentration of capsaicin was estimated relative to its eŠect on cellular growth (Fig. 1) . We detected an inhibition to growth with the concentration more than 100 ppm. For theˆrst step, we selected a concentration of 500 ppm, but we did not detect enough signals from the micro-array (data not shown). The damage from this treatment is possibly too severe, and we did not isolate enough mRNA from living cells. Thus, we decreased the concentration to 250 ppm, and the treatment was done for 2 h. This 2 h condition is not always optimum for monitoring highly induced genes because each chemical and each gene has an optimum condition; however, the 2 h treatment was conˆrmed as the condition in which we could detect the induction of genes at the treatment of many chemicals. 8) This period was also conˆrmed to be su‹cient for the detection of a stress response by chemicals using a strain that contains b-galactosidase that is controlled by the HSP104 promoter.
11)
Overview of genes aŠected by the capsaicin treatment
We could detect the expression levels of 5560 genes. About the induction levels by the capsaicin treatment, 39 genes were induced by more than 2 times and 121 genes were repressed by less than 0.5 time.
In Table 1 , the 39 genes induced by the 250 ppm capsaicin treatment are listed. These genes were selected as the genes that are induced at least by higher than 2.0 times in mean values. The``description of gene'' in Table 1 is derived from the Munich Information Center for Protein Sequences (MIPS http: W W www.mips.biochem.mpg.de W ). MIPS is a database in which all yeast genes are assigned into 14 categories and more than 100 subcategories, and we are able toˆnd the functions of genes. The most strongly induced gene was HSP26 (small heat shock protein, 26 kDa), and the induction level was 12 times higher than the control conditions (Table 1) . INO1 (L-myo-inositol-1-phosphate synthase (7.7 times)), RTA1 (involved in 7-aminocholesterol resistance (6.6 times)), GRE2 (induced by osmotic stress (5.1 times)), PDR5 (multi-drug resistance transporter (4.0 times)), MET17 (O-acetylhomoserine-O-acetylserine sulfhydralase(3.8 times)), and HSP12 (12 kDa heat shock protein (3.7 times)) were also strongly induced. It is interesting that some unclassiˆed genes (uncharacterized genes) YOR049C, YLR346C, YPL088W, YHR054C, and YDR070C, were highly induced. Many repressed genes were concerned with ribosomal components (ex. RPS25A, RPS29A, and RPS8A) and cellular growth (ex. HHT2, HTA1, and HHF1) and these genes were in the MIPS categories of cellular biogenesis and protein synthesis. This possibly merely re‰ects the decreased growth rate caused by the capsaicin treatment.
Detoxiˆcation of capsaicin by a PDR-type ABC superfamily of multi-drug resistance transporters
It has been shown that yeast cells have three main detoxiˆcation networks ( PDR network, YAP regulatory, and YCF transporter).
12) The genes induced by capsaicin that concern detoxiˆcation are PDR5, PDR15, and YOR1 (Table 1) . PDR5 was found to encode a membrane protein belonging to the ATPbinding-cassette (ABC) superfamily, possibly functioning as a drug-extrusion pump, and this gene was shown to be controlled by PDR1 and PDR3 gene products. 12) PDR15 and YOR1 also belong to the ABC superfamily and have been shown to be controlled by PDR1 and PDR3. 12) In addition, the induction of TDH1 was detected. This gene had been Yeast cells grown for 2 days were inoculated into the medium containing 1600 ppm capsaicin (shadow) at a dilution rate of 200. Growth was monitored as the absorbance at 650 nm in a 96-well microplate, and the lag periods were drawn from the growth curve.
shown to be induced when the PDR network is working. 12) Thus, these results strongly suggest that capsaicin is pumped out of the yeast cells through the PDR network. Furthermore, the induction of the PDR network suggests that capsaicin acts as a toxic or useless substance in yeast cells.
Osmotic stress response and damages in membrane structure caused by the capsaicin treatment
We could detect some kinds of stress proteins. In addition, we could also detect the genes involved in the osmotic shock response. GRE2 (Table 1) is identied as a gene induced by osmotic stress. 13) This suggests that capsaicin causes osmotic stress. We could also detect the induction of the INO1 (Table 1) gene that encodes the L-myo-inositol-1-phosphate synthase and that negatively controlled by the OPI1 gene product.
14) It was also shown that the OPI1-genedisrupted strain shows over expressed INO1 gene product and salt tolerance. 14) Thus, the induction of the INO1 gene and the GRE2 gene suggests that capsaicin cause osmotic stress.
On the other hand, the INO1 gene was shown to play an important role concerning the membrane structure through the biosynthesis of phosphatidylinositol. 14) In addition, the OPI3 (Table 1 ) gene that encodes methylene-fatty-acyl-phospholipid synthase is also induced. 15) McGraw and Henry 15) showed that the OPI3 mutations cause a deˆciency in the two terminal phospholipid N-methyltransferase activities required for the de novo synthesis of phosphatidylcholine. They also showed that this mutation makes the INO1 gene constitutive. 15) The induction of these two genes suggests that yeast cells require the biosynthesis of phosphatidylinositol and phosphatidylcholine under the treatment of capsaicin. As those lipids are important elements of the membrane structure, the damage caused by capsaicin could be in the membrane structure. The observation by Meddings et al. 16) that capsaicin aŠects membrane ‰uidity supports our considerations. The possibility of osmotic stress caused by capsaicin may also re‰ect damage to the membrane structure. Molina-Torres et al. 5) showed that capsaicin initially increased the growth rate around the concentration of 150-300 ppm. They measured the growth rate with the absorbance at 650 nm and this does not always re‰ect the growth rate. They may have observed a diŠerence of size caused by osmotic stress or membrane damage.
Genotoxicity of capsaicin to yeast cells
Because capsaicin is frequently consumed in food and medicine, it is often focused on for its mutagenecity. The Ames test in the presence of S9 fraction 17) showed mutagenecity, and carcinogenicity was also shown by Toth and Gannett using female Swiss mice. 18) Thus we also focused on the mutagenicity of capsaicin by the induction levels of the genes that contribute to DNA repair systems. However, except for HSP12, there were not any signiˆcantly induced genes (data not shown). As HSP12 is a gene induced by many kinds of stress and is not a speciˆc gene of the DNA repair system, we may conclude that we could not detect any mutagenic trace by our system. Thus, in the inhibitory mechanisms of capsaicin there is no mutagenic eŠect on the yeast cells.
The eŠects of the deletions of the genes those were induced by the capsaicin treatment
The genes induced by the capsaicin treatment possibly contribute to resistance to capsaicin. Thus, we estimated the contribution of some of these genes to capsaicin resistance. The selected deletion strains are available from those in Research Genetics (http: W W www.resgen.com W products W YEASTD.php3), and the deleted genes are shown with the underlines in Table 1 . As capsaicin does not aŠect the growth rate signiˆcantly but increases the lag period (Fig. 1) , we measured the lag period of each strain in the YPD medium and the YPD medium containing capsaicin (Fig. 2) . Except for the lag period of the YBL078C (essential for autophagy) deletion strain (11 h), other strains showed almost the same degree of lag time (7-8 h) as the control strain in the YPD medium. However, the addition of capsaicin increased the lag period, especially that of the YOR153W ( PDR5, a multi-drug resistance transporter) deletion strain (from 7 h to 29 h). This longer lag period suggests that capsaicin is pumped out of the cells by the gene product of PRD5. PDR5 encodes a multi-drug trans-porter belonging to the super family of the ATPbinding cassette pump, and this pump contributes to the multi-drug resistance. On the other hand, the YDR406W( PDR15) and the YBL078C deleted strains did not increase the lag period signiˆcantly. Either these genes are concerned with the resistance of capsaicin or the deletion of these genes induced the genes that suppress the function of deleted genes. The deletion of PDR15 may induce the constitutive induction of PDR5, as is exempliˆed by the induction of INO1 genes by the deletion of the OPI3 gene. 14) Mechanism of capsaicin in the growth inhbition to yeast cells
The DNA microarray analysis of antimicrobial mechanism of capsaicin shows that capsaicin induced an osmotic stress element, the key genes for membrane biosynthesis, and the PDR network (Table 1) and repressed the genes for ribosomal components and cellular growth. The growth characteristics of deletion strains suggest that PDR5 is important for the resistance to capsaicin. These observations that the PDR network may pump out capsaicin from cells are theˆrstˆndings. The contribution of the PDR network also suggests that capsaicin enters to the cells and capsaicin functions as a toxic substance to the yeast cells. This toxicity is possibly to the mebrane structure and W or as osmotic stress.
